Abstract-The emerging 802.11n standard establishes the integration of MIMO technology in WLANs with the goal of achieving high data rates. However there are still many open issues regarding MAC protocol design for MIMO based systems, especially in order to exploit the multiuser capabilities of the MIMO channel. In this paper we propose a novel MAC scheme that considers an opportunistic channel-aware scheduling policy to achieve simultaneous downlink transmissions to multiple users. In an effort to offer a complete and practicable proposal, our MAC scheme is combined with a low-complexity beamforming technique at the Physical layer in a system where multiple antennas are employed at least at the transmitter side (Access Point). A mathematical model for the throughput performance of the proposed scheme is presented and validated through linklayer simulation results.
I. INTRODUCTION

G
IVEN the widespread deployment of Wireless Local Area Networks (WLANs) in the recent years and the increasing requirements of multimedia applications, the need for high capacity and enhanced reliability has become imperative. Multiple-Input Multiple-Output (MIMO) technology and its single receiving antenna version, Multiple-Input Single-Output (MISO), promise a significant performance boost and have been incorporated in the emerging IEEE 802.11n standard [1] .
Multiple antenna transmission techniques such as spatial multiplexing and transmit beamforming are used to provide rapid and robust point-to-point wireless connectivity. On the other hand, due to the inherent diversity of the MIMO/MISO channel, it is possible to achieve simultaneous point-tomultipoint transmissions and serve multiple users at the same time, through the same frequency and code. The MIMO/MISO multiuser transmission concept where data streams are assigned to different users can increase the overall system capacity when compared to single-user MIMO transmission where all streams are dedicated to just one user [2] .
Even though IEEE 802.11n has been designed with MIMO technology in mind, its main focus is on maximizing throughput in point-to-point transmissions, through spatial multiplexing and mechanisms such as frame aggregation. Neither the standard nor the majority of related work consider any MAC mechanisms for multiuser scheduling, thus leaving a significant MIMO capability unexploited. As accurately pointed out in [3] , there is a need for low complexity multiuser transmission schemes, especially for downlink communications.
In this paper we propose a MAC scheme that incorporates multiuser capabilities in 802.11n-based infrastructure WLAN systems by using Cross-Layer information, without losing backward compatibility with the standard. Our scheme can be considered as a downlink transmission phase, initiated by an Access Point (AP) equipped with antennas in a system with users, where > . Without loss of generality, a MISO scenario with single-antenna users has been assumed, even though our analysis can be also applied to MIMO systems. By exploiting the spatial signal processing capabilities of MIMO/MISO technology and employing an appropriate transmission technique, the AP can serve up to users at the same frequency, time and code. In particular, a low-complexity multiuser beamforming transmission technique proposed in [4] , that is compatible with the 802.11n specification, has been adopted at the PHY layer. Transmitting multiple downlink packets simultaneously, however, is feasible only when there is no interference among the selected users, or in a more realistic case, when the interference is relatively low. Hence, the AP must have some knowledge of the channel to select the most appropriate set of users for each transmission. These issues must be handled by the MAC layer in a practical way.
Our main contribution is the design of an opportunistic channel-aware multiple antenna MAC scheme for multiuser transmissions. Some preliminary results have been presented by the authors in [5] [6] . Here, we further propose a theoretical framework for the throughput calculation and show the throughput and delay performance enhancement achieved through our scheme. The paper is organized as follows. Section II provides an overview of related contributions that motivated this work. Section III highlights some PHY-related issues and briefly presents the underlying beamforming transmission technique. The description of the proposed multiuser MAC scheme and the theoretical throughput analysis are given in Section IV. The performance evaluation follows in Section V and finally Section VI is devoted to conclusions.
II. RELATED WORK AND MOTIVATION
A nice overview of the most representative examples of multiuser scheduling and resource allocation can be found in [7] . The authors stress that selecting the best subset of users for each transmission is the key to achieving multiuser diversity but also point out that several practical issues arise, including the need for feedback acquisition on the link quality of the users.
A significant number of contributions has been dedicated to the development of user selection and scheduling algorithms in the context of multiple antenna systems. An early work proposes the first-fit algorithm, a suboptimum but less complex scheduling method that selects sets of packets that can be transmitted simultaneously [8] . However, one of the basic assumptions of this work is that the channel between the base station and the users is quasi-static and is considered known by the base-station, whereas scenarios with varying channel conditions are left for future consideration. In [9] the authors propose a SDMA/TDMA scheduler that assigns packets to time slots depending on their Quality of Service (QoS) requirements. Multiple packets can be spatially multiplexed in the same slot if they satisfy a Signal-to-Noise-InterferenceRatio (SNIR) constraint. Again, this work mainly focuses on the scheduling policy and assumes that the spatial signature and QoS requirements for each packet are acquired during an initial admission phase.
Nevertheless, in realistic scenarios the channel condition cannot be considered known and a feedback mechanism must be established. Naturally, there is a tradeoff between the feedback required to implement multiuser diversity schemes and the introduced control overhead that reduces efficiency. One way to decrease feedback is by applying a threshold to exclude users with poor channel conditions from gaining access to the channel. This idea has been extensively studied in [10] . This work offers some guidelines for the threshold selection are offered but it does not consider a specific multiple access scheme, nor the implementation of an actual feedback acquisition mechanism. In a different approach, binary feedback (1 or 0) is used by users to express whether they satisfy threshold condition [11] . The idea is effective but assumes the presence of a dedicated low bit rate feedback channel, which is not the case in 802.11 based WLANs. Finally, another proposal combines the principle of splitting algorithms with threshold selection to determine the user with the best channel in less than three slots on average [12] . This work has been extended to provide detection of multiple users with good channel and needs on average 4.4 slots to find the best two users in the system [13] .
Although we have just presented a few representative works in the field, it can generally be said that most contributions focus on particular aspects of the problem and simplify the rest. For example, some optimize resource allocation but ignore feedback mechanisms and others minimize the required feedback but assume a dedicated feedback channel and a less sophisticated scheduling scheme. Furthermore, many of the aforementioned works do not consider the additional complexity required to handle multiuser transmissions.
Finally, there are some contributions that aim to include multiuser MAC schemes for 802.11 based systems. One example is the Multi-User Distributed Coordination Function (MU-DCF), presented in [14] , that uses a four-way handshake that begins with a polling multiuser RTS (Request-To-Send) frame. However there are several issues, mostly regarding the physical layer (PHY) implementation that are not considered. A mathematical model for a downlink multiuser scheme for 802.11 is given in [15] . They show that performance can be improved by exploiting spatial multiplexing and conclude that there is still a need to design a modified MAC to support multiple transmissions and perform a good channel estimation mechanism.
The aim of our work is to present a multiuser MAC protocol that handles in a joint manner the processes of channel access, scheduling, channel estimation and feedback acquisition. Motivated by [10] , we have adopted the use of a threshold as a means of filtering out users with harsh channel conditions and reducing contention during the channel access process. The difference is that our scheme does not need to simply detect the best user but a set of users that will be assigned to orthogonal beams, as it will be discussed in the following section. Even though our solution is not optimal, we will show that when system parameters are appropriately selected a significant performance improvement is attained and multiple users can be served simultaneously.
III. MIMO/MISO MULTIUSER PHYSICAL LAYER
In this section, we will provide some theoretical background on the channel model and the multiuser transmission technique used at the PHY layer that will facilitate the understanding of the proposed MAC scheme.
A. MIMO/MISO channel
With the use of the Orthogonal Frequency Division Multiplexing (OFDM) scheme, the frequency selective channel in 802.11n based systems is transformed into a number of frequency flat channels. In a MISO downlink scenario where an AP with antennas serves single-antenna users (with > ), a flat fading channel h [1× ] is considered between the AP and each user. A quasi-static block fading model is assumed, which remains constant during the coherence time and changes between consecutive time intervals with independent and identically distributed (i.i.d.) complex Gaussian entries ∼ (0, 1). This model represents the IEEE 802.11n channel model B in NLOS conditions [16] , assuming no time correlations among the different blocks and that the channel impulse response changes at a much slower rate than the transmitted baseband signal. Let x( ) be the ×1 transmitted vector with the signals for all the selected users and denote by ( ) the received signal for the ℎ user, given by
where ( ) is an additive Gaussian complex noise component with zero mean and {| | 2 } = 2 is the noise variance. The transmitted signal x( ) encloses the independent data symbols ( ) to all the selected users with {| | 2 } = 1. A total transmitted power constraint = 1 is considered and for ease of notation, time index is dropped whenever possible.
B. Multibeam Opportunistic Beamforming (MOB)
One of the main transmission techniques in multiuser MISO scenarios is the Multibeam Opportunistic Beamforming (MOB) technique [4] , [17] . The goal of MOB is to find a set of orthogonal users that can be simultaneously served on orthogonal beams, while maintaining the interference low. This scheme only requires partial Channel State Information (CSI) at the transmitter side in terms of the user received SNIR.
The procedure is that the AP generates random orthogonal beams. The SNIR related to each beam is measured by the users and fed back to the AP, as it will be explained in detail in Section IV. The AP extracts the multiuser gain from the system by selecting the user with the highest instantaneous SNIR for each beam (i.e. opportunistic user selection). The SNIR takes into account any interference caused by simultaneous transmissions on other beams. Given that no more than one beam is assigned per user, at most users can be scheduled for downlink transmission. In this paper, all the users are assumed to have the same average channel characteristics and show the same distribution for the maximum SNIR value. As a result, our opportunistic policy is fair on the long term since each user has the same probability to be selected for transmission. In a different scenario where this is not the case (e.g., heterogeneous user distribution in the cell, with some users far from the AP), a channel normalization (e.g. division of the SNIR by the path loss of each user) could be employed to enhance fairness.
Through this low-complexity processing based on the instantaneous SNIR values, the MOB scheme achieves high system sum rate by spatially multiplexing several users at the same time. If users are selected for transmission, the transmitted signal x can be expressed as
where are the data symbols that correspond to the th selected user, b is the assigned unit-power beam and the square root term is employed for total power constraint.
Although the beams are orthogonally generated, some of this orthogonality is lost in the propagation channel [4] . Consequently, some interference is generated by each beam on non-intended users. The SNIR formulation for the th user that is served by the th beam is
where a uniform power allocation is considered. The numerator is the received power from the desired beam, while the denominator represents the noise plus the interference power from the other beams. Notice that as grows, the AP can search for users in a larger pool, thus increasing the probability of finding users that do not interfere a lot among themselves [4] . Obviously, having ≈ results in an interference limited system, but realistic values (e.g. = 2 and = {8, 9, 10}) enable this scheme to offer very good performance in realistic 1 scenarios [17] , with guaranteed higher performance than the single user opportunistic beamforming [18] . Note that since IEEE 802.11n supports beamforming, this technique can be easily implemented by setting the beamforming steering matrices accordingly.
IV. MULTIUSER MAC LAYER ALGORITHM
We will now proceed to the presentation of our MAC scheme that is an adaptation of the 802.11n MAC protocol to account for the demands and restrictions of the MOB technique, with all the challenges that stem from simultaneous multiuser transmissions. The proposed mechanism is a multiuser downlink transmission phase that is initiated by the AP. The required modifications are easy to implement within the 802.11n standard and are backward compatible with the legacy single user transmission, in the sense that MOB and legacy users can coexist in the system.
A. Multiuser Threshold Selective Algorithm Description
The proposed scheme, named Multiuser Threshold Selective (Mu-Thres) algorithm, aims to exploit multiuser diversity and assign opportunistically a set of users with good link quality to the downlink orthogonal beams, thus maximizing the system sum rate. At the same time, since the acquisition of CSI from the users can introduce considerable control overhead, especially as the number of users grows, the MuThres algorithm imposes a SNIR threshold so that only users with relatively good channel are allowed to participate in the feedback process. Even though the idea of threshold application is not new, the novelty lies in the inclusion of this concept on a practical and implementable MAC scheme for a multiuser MIMO/MISO scenario.
The frame exchange sequence of the Mu-Thres scheme is initiated with the broadcast transmission of an RTS by the AP. To better clarify our proposal, we focus on the multiuser downlink phase where the AP is always the initiator and therefore the 802.11 backoff mechanism defined is not employed. In a scenario with both uplink and downlink transmissions, the AP would have to follow the backoff rules to gain access to the medium before initiating the downlink phase. The RTS frame is transmitted conventionally (i.e., on a single beam) but contains all the necessary training fields for the estimation of the SNIR on each of the beams that are employed on the downlink data transmission. For this purpose, a number of HTLTFs (High Throughput Long Training Fields) has been added in the PHY layer preamble, as defined in 802.11n standard.
A contention phase is then initiated, that consists of slots of predefined length, with being a system parameter subject to optimization. Depending on whether the maximum SNIR measured by a user is above or below the threshold, the user is either allowed to participate in this phase, or forced to remain silent until the beginning of the new frame sequence. Those allowed to participate randomly select a slot with probability 1/ and transmit a CTS (Clear-To-Send). The CTS contains the maximum SNIR value measured by the user and an integer 1 We have employed the value of = 2 antennas in our work since it seems to be the most practical option adopted in the majority of 802.11n and pre-n commercial products. identifier for the respective beam. Whenever multiple users select the same slot, a collision takes place and the involved CTS frames are considered lost (the capture effect is not considered, even though it could increase the effectiveness of the proposed scheme). A slot can also remain empty if no user selects it for transmission.
The next stage of the algorithm depends on the outcome of the contention phase. If no CTS has been correctly received (due to either collisions or lack of user participation because of the threshold) no data is transmitted and a new contention phase is initiated 2 . User synchronization has been assumed, so that a collision in the th slot only affects the involved CTS packets and does not have any effect on transmissions in the remaining slots of the contention phase. Thus, if at least one CTS is received, transmission of donwlink data packets can take place. In particular, the AP assigns the best user on each beam (at most one user per beam), based on the feedback information collected by the received CTS frames and transmits a maximum of data packets simultaneously. Adaptive Modulation and Coding (AMC) is also employed and the transmission rate on each beam is determined by the measured SNIR. Finally, the users acknowledge the data reception by sequentially sending an ACK frame. The order in which ACKs are sent follows the mapping of the users onto the beams. The transmission process is illustrated in Fig. 1 .
Note that, unlike the contention phase where collisions among CTS frames can occur, the transmission of data is collision-free. The data packets employ the channel over the same time, frequency and code but are transmitted over different beams. This can be supported by the 802.11n standard, by exploiting the multiplexing capabilities of MIMO/MISO systems. This is actually an important shift from current systems where the simultaneous transmission of multiple packets in the same medium leads to collision and packet loss.
B. Implementation Details
In this section, some implementation issues of the MuThres scheme will be discussed. An important decision is the selection of the SNIR threshold that serves two purposes: it 2 Different policies could be implemented to avoid the presence of empty frames (e.g., transmission to a randomly selected user or to a user with a long waiting time using a basic rate) but will not be considered in this work.
reduces the number of contending users, thus decreasing the probability of CTS collisions, and it filters out those users with harsh channel condition, resulting to transmissions with higher data rates. Nevertheless, selecting a high threshold could cause adverse effects such as starvation if the majority of users experience low link quality. The threshold is determined by the AP and it is made known to the users during an initial association phase. In this work, we study the system performance for different but fixed threshold values, however we are currently working on implementing a channel-aware approach with dynamic threshold adaptation at runtime 3 .
The structure of the RTS frame matches the 802.11n specification [1] and is shown in Fig. 2 . A number of training fields equal to the number of antennas is added for channel sounding. The duration field indicates the time from the transmission of the RTS until the end of the contention phase. Given that the length of each contention slot is equal to a SIFS (Short-Interframe Space) plus a CTS transmission time using the minimum rate in the rate set, the duration field implicitly contains the number of contention slots . The MAC header of the data packets also contains a duration field that indicates the time until the end of transmission of the ACK frames. As a result, the nodes within the range of the AP that do not participate in the process can use the NAV mechanism to avoid collisions, first by setting their NAV timer upon RTS reception and then by updating it when the header of a data packet is decoded. In our scenario, it has been assumed that there are no nodes hidden from the AP. Nevertheless, the duration field of the CTS frames can be used to alleviate the hidden node problem. Even though the total frame duration is not known when the CTS are generated, a worst-case approximation could be employed (e.g., the transmission time for two data frames and two ACKs at the lowest rate).
Saturation traffic has been considered in this work, meaning that the AP has always packets to transmit to all the associated users. This assumption is made is to facilitate the evaluation of the full potential of the Mu-Thres scheme, given that opportunistic downlink schemes are mostly needed under hightraffic conditions. Hence, we have used a broadcast address in the RTS frame so that all users are invited to participate in the contention phase, provided they satisfy the SNIR threshold condition. This configuration saves the overhead cost of including multiple 6-byte destination addresses of all the associated users in the MAC header of the frame. In non-saturation conditions, our scheme could be applied with a minor modification. In this case, the AP would have to periodically set up multicast groups with the subset of active users (i.e., those who are waiting to receive downlink data) and use a multicast instead of a broadcast address. Finally, for a very low number of active users, it can be more effective to include multiple destination addresses in the RTS frame and proceed to a sequential transmission of CTS packets by the polled users. This point is further discussed in Section V. 
C. Theoretical Model for Throughput Evaluation
A mathematical model has been developed to calculate the throughput performance of the Mu-Thres algorithm as a function of the number of users , the number of contention slots and the SNIR threshold . It has been assumed that the system is saturated and there are always downlink packets for all associated users. We have considered = 2 transmitter antennas at the AP, for two reasons. First, as mentioned before, this seems to be the most practical setup in existing WLAN systems and second it permits a more intuitive interpretation of the analytical model. The analysis could be extended to a larger number of antennas but this would significantly increase the computational complexity of the presented results.
The proposed model can be used to determine the system parameters that maximize performance. For example, assuming that the channel is known, the best combination for the threshold and the number of slots can be calculated for a given number of users. Another possible application could be to determine the optimum number of users and implement a traffic control policy by adjusting the users that participate in the downlink process.
Consider an AMC scheme that offers available rates { 1 , . . . , }, in ascending order. Each rate can be used for transmission when the measured SNIR of the particular link lies within a predefined SNIR range (e.g., Table 1 ). Obviously, the SNIR of a link is time-varying and depends on the instantaneous channel conditions, but the probability of a user being in each SNIR range can be statistically estimated, as the channel distribution is known. Following the calculations in [17] for the MOB system, the approximate Cumulative Distribution Function (CDF) of the SNIR value that is available at the transmitter is
as each user feeds back the maximum SNIR value with respect to the = 2 beams and 2 is the noise variance. The probability ( ) of a user having a particular rate , with ∈ [1, ], is equal to the probability of having a SNIR below a threshold +1 and above a threshold and can be calculated with the use of the CDF as
A SNIR threshold is defined so that only users with a higher SNIR value can participate in the contention phase. Equivalently, it can be said that a corresponding rate threshold is imposed and users with ≥ (with ≥ ) can contend for access. The average throughput ( , , ) for slots, users and a threshold of is defined as the average number of transmitted bits per frame¯divided by the average frame duration¯(
wherē
and
The terms included in the above equations will be explained next. The index expresses the three possible frame types: = 0 indicates an empty frame in which no data transmission has taken place; = 1 corresponds to single transmission of a data packet of length bits; finally = 2 indicates a double transmission frame where two users have simultaneously transmitted data packets on the two available beams, corresponding to 2 ⋅ transmitted bits.
The average transmitted bits¯can be calculated by multiplying the transmitted bits per frame type by the probability that the particular frame type will occur, for all data rates that are above or equal to the threshold. This probability of having a frame of type transmitted with a rate of , for a given number of slots , users and threshold is denoted by ( , , , , ) and its calculation is based on the following considerations:
• the SNIR distribution of the users and the probability of them being above the threshold.
• the outcome of the contention phase of slots and the number of users that survive (by successfully transmitting a CTS).
• the opportunistic selection of the best user for each beam from the subset of surviving users. The expression for the ( , , , , ) and its derivation are given at the appendix.
The term ( , , ) in (8) expresses the transmission time of a frame sequence of type when rate is used and is calculated as
where ( , ) is the transmission time of the data packet for a frame of type and ℎ ( , ) is the control overhead, that can be derived from the standard specifications. Note that in the case of an empty frame ( = 0), the frame duration and the probability are independent of the transmission rate and the index in (8) is dropped for convenience. The data transmission time can be easily calculated for a known packet size and a given transmission rate . For an empty frame ( = 0), the will be equal to zero and the total duration will only consist of the overhead. The overhead time ℎ is also a known quantity for each frame type. The required overhead for all three frame types is the time required for the transmission of an RTS frame and the duration of the contention window of slots, with each slot consisting of a CTS frame and a SIFS. In case of non-empty frames, the time required for the transmission of the ACK frames (one or two, depending on whether a single or double transmission has taken place, respectively) must be added.
V. PERFORMANCE EVALUATION
A. Simulation Setup
In order to demonstrate the validity of the model, simulation results have been obtained with the help of a custommade link-layer simulation tool implemented in C++. Our motivation behind the development of the simulator was the flexibility in the MAC design and the possibility of incorporating a detailed MISO channel model, which could not be easily included in existing network simulators such as ns2. An infrastructure downlink network of = 10 users has been considered. Unless otherwise stated, there is an infinite amount of data traffic for each user in the buffers of the AP (i.e., saturated downlink traffic) and packets have a fixed length of 2312 bytes.
It has been assumed that the PHY layer AMC scheme ensures error-free data transmission, given that the rate for each transmission is selected according to the link quality. The particular SNIR values used for the AMC are given in Table I [19] . All control frames are transmitted at the lowest rate (i.e., at 6 Mbps) to ensure correct reception. The 802.11n frame format has been adopted at the MAC layer. The structure of the 20-byte RTS frame is illustrated in Fig. 2 . The Duration/ID field contains the duration of the contention phase and since the CTS transmission time is constant, the number of CTS slots can be calculated without further overhead. The CTS frame contains one additional byte to include the SNIR value and the beam identifier (assuming an optimal SNIR quantization). A summary of the simulation parameters is given in Table II. The AP has = 2 transmitting antennas with a total gain of 10
. The underlying MISO channel has been simulated in accordance to the 802.11n channel models [16] . The channel entries follow ∼ (0, 1) and the noise variance is set to 0.1. Without loss of generality, a relatively low noise variance has been used for convenience. Higher values would lead to different numerical results but without affecting the behavior of the evaluated MAC schemes. Four different scenarios have been considered, characterized by channels with different average SNIR values. The four cases will be referred to as ℎ , ℎ , ℎ and ℎ and correspond to a mean SNIR of 15dB, 17dB, 20dB and 25dB, respectively. According to Table I, the average user rate for each scenario will be 12, 18, 24, and 36 Mbps, respectively. Since the channel realizations are random, the available rate for each user at every time instance, will oscillate around the mean value (with the same variance for all users), through the block fading channel defined in Section III. It can be observed that the best configuration for the slot number depends on the selected threshold. Low thresholds lead to a high number of contending users and therefore more slots are needed (Fig. 3) . On the other hand, for high thresholds (Fig. 4) , the number of participating users is limited and can be decreased. Note, also, that performance drops when the threshold is too high, due to the fact that not many users satisfy the SNIR condition, thus resulting to a high A summary of the best-case performance metrics for the four scenarios is given in Table III . The delay metrics include the access time, measured from the moment a packet arrives at the head of the MAC queue until it is scheduled for transmission, the transmission time and the end to end delay (total time until reception of the ACK). The gain that can be obtained by exploiting the multiuser diversity is reflected in the increase of the average sum data rate (fifth column) compared to the average user rate available for each channel model (first column). In the case of ℎ , for instance, the sum rate is 51.6 Mbps whereas the average user rate is limited to 36 Mbps. Another observation is that the optimum number of contention slots is relatively low (2 or 3 slots for 10 users) whereas the optimum threshold varies depending on the channel: as the channel becomes more hostile (e.g. ℎ ) the threshold must be decreased.
B. Simulation Results
In general, the channel statistics influence heavily the performance of Mu-Thres and the optimization of the algorithm is not straightforward since different objectives must be met to maximize performance in diverse scenarios. This can be better understood by examining the percentage of empty frames (Table III) . In the case of ℎ , this percentage is low, meaning that the majority of frames feature single or double data transmissions. On the other hand, for harsh channels the minislot-threshold combination that maximizes throughput may result to a higher number of empty frames (even up to 50% for ℎ ), thus revealing that it is more efficient, as far as throughput is concerned, to transmit fewer packets but with a higher rate.
In continuation, we have compared the performance of Mu-Thres with some reference MAC schemes to determine whether there is a gain in efficiency due to the opportunistic multiuser transmission. First, we have evaluated two ideal benchmark algorithms, the Su-ideal and the Mu-Ideal for a single-user SISO and a multiuser MISO scenario, respectively, that assume perfect channel knowledge at all time by the AP with no feedback cost. In the Su-ideal scheme the user with the best rate is selected by the AP and a RTS-CTS-DATA-ACK transmission sequence is implemented. Similarly, in the Mu-Ideal scheme, the address of the two best users (one on each beam) is included in the RTS, these two users reply with a CTS in a predefined order, the AP continues with the multiuser data transmission and the sequence is terminated by the transmission of two ACK by the involved users. These two schemes provide an upper performance bound that cannot be obtained by realistic schemes due to the overhead cost.
In addition, two realistic implementations of the ideal schemes, named Su-Opportunistic and Mu-Opportunistic, respectively, have been considered. In both cases, the RTS packet includes a list with the destination addresses of all associated users. Each user replies with a CTS in subsequent time slots, in the order indicated by the address list, thus avoiding collisions. In Su-Opportunistic the AP selects the best user for transmission, whereas in the multiuser case the best set of users is assigned on the beams. The cost is the additional overhead required to transmit the address list (6 bytes ⋅ users) and the CTS frames. The aggregate throughput and the mean end to end delay for the five algorithms are plotted in Figs. 5 and 6, respectively. First, it can be observed that multiuser transmission is not always the best option. In the case of ℎ , the Su-Ideal offers slightly better results due to the fact that this particular channel is very harsh and the interference generated by the beamforming scheme, although low, affects the performance. From a mathematical point of view, the SNR distribution for the single-user case shows a larger tail that the SNIR distribution for the multiuser case [20] . Thus, due to the low average SNR for such channel, there is a small probability of finding two users above the threshold and the resultant data rate for the single-user access could be higher than the multiuser scheme. On the other hand, Mu-Opportunistic is always better than Su-Opportunistic, thus stressing the gain in exploiting multiuser diversity, especially under unfavorable channels. The Mu-Thres scheme outperforms both opportunistic schemes and approaches the ideal performance. For the worst channel case, a throughput increase of up to 20.1% is achieved whereas the gain is in the order of 5 to 10% for the other channels. It is worth noticing that similar improvement of up to 16.7% is attained in terms of delay.
Finally, a non-saturated traffic scenario has been considered to investigate the effect of the broadcast address in the RTS frame. In particular, it has been assumed that although the AP is associated with users, it has packets for only a set of active users (with ≤ ). All users receive the broadcast RTS, measure the SNIR of the link and reply with a CTS if they meet the threshold condition. However, they have no way of knowing whether they belong to the active set or not; their only criterion for participating in the contention phase is the measured SNIR. Consequently, it is possible that the users that survive the contention phase may not belong to the active set of users, leading to an occurrence of empty frames.
The performance of the Mu-Thres and the Mu- Opportunistic algorithms under non-saturated traffic for ℎ model has been plotted in Fig. 7 . The number of associated users has been set to = 10 and the number of active users varies from 2 to 10. A threshold of 24 Mbps and = 2 has been considered for the Mu-Thres scheme. It can be observed that under very low traffic (i.e., for ≤ 5 when at most half of the associated users are active) the Mu-Opportunistic scheme performs better, whereas for ≥ 5 the Mu-Thres scheme is more efficient. As a conclusion, under medium or high traffic conditions, Mu-Thres proves to be effective, despite the risk of having some empty frames due to the use of a broadcast RTS.
VI. CONCLUSIONS
The integration of MIMO/MISO technology in WLANs has become a reality with the emerging 802.11n standard, however there are many open issues regarding MAC protocol design that must be addressed to fully exploit its potential. In this paper we discuss an opportunistic multiple antenna MAC scheme, called Mu-Thres, for multiuser downlink transmission in infrastructure 802.11 based WLANs. We have demonstrated through simulations that multiuser opportunistic schemes achieve a significant throughput enhancement with respect to the single-user case. In addition, the proposed scheme that introduces a CTS contention phase and imposes a SNIR threshold is shown to be more efficient than a straight-forward multiuser scheme that explicitly polls all the associated users, under medium and high traffic conditions. A mathematical model for the accurate estimation of the system throughput as a function of the number of slots and the SNIR threshold has also been developed and can be used to select the system parameters that maximize performance. Clearly, if the model is to be employed at runtime, some computing power must be available at the AP. Nevertheless, these calculations are not required on a frame by frame basis but only when significant changes are made to the system setup. The use of lookup tables for the calculation of some channel-independent terms of the model could also be employed to reduce computational complexity.
Still, there are many open issues in the context of multiuser downlink MAC schemes. In particular, incorporating multidestination or single-destination frame aggregation mechanisms is a promising way to reduce control overhead, especially when multiple rates are used for transmission. Research efforts can also be directed toward the development of an adaptive algorithm that dynamically adjust the MAC layer configuration to the traffic and channel conditions.
APPENDIX
To calculate the probability ( , , , , ) of having a frame of type one must consider the implementation steps of the Mu-Thres algorithm. First, only a fraction of the total users, those with an available rate of ≥ (with ≥ ), are allowed to participate in the contention phase. As the channel statistics are known, the probability that exactly out of users have a rate above the threshold , can be calculated with the use of the SNIR CDF in (4), as
Those users that pass the threshold selection phase will contend for channel access by transmitting a CTS in one of the system slots. If a slot is selected by exactly one user, then the contained CTS is successfully received and the respective user is said to have survived the contention phase. We define the probability ( , , ) of having exactly users surviving the contention phase of slots, when there are participating users (i.e. users that will transmit a CTS in the current CW with probability 1). This is a combinatorial problem known as the "assignment of packets in cells" . It considers all the possible assignments of the users in the slots (including the cases where multiple users select the same slot) and then calculates the probability of having exactly slots with success (i.e., selected by a single user) whereas the remaining − slots are empty or have suffered a collision. This problem has been analyzed in [21] and the final expression for ( , , ) 4 is
Note that the above formula is defined for values of
, since the number of successful slots in a frame cannot exceed the number of participating users or the total number of slots . In addition, returns a zero value for several combinations of , and within the defined range, thus indicating impossible outcomes. For instance, for ( = 1, = 3, = 2) = 0, thus reflecting that it is not possible to have exactly one successful slot when there are 2 users and 3 slots (given that both users will transmit a CTS) the two users may either collide leading to zero successful slots or they may select different slots leading to two successes).
The probability ( , , , , ) is calculated for the three different frame types. The number of surviving users determines the type of frame sequence that will be transmitted. If no user has a rate above the threshold ( = 0), or no user survives the contention phase ( > 0 but = 0), an empty frame will follow. Thus, the probability of having an empty frame is
A single transmission frame occurs when there is at least one surviving user ( ≥ 1) and all the surviving users select the same beam. Hence, the probability of having a single transmission frame with rate is
where 1 ( , ) is the probability that rate is used for transmission.
The system considers two available beams ( = 2) and each user may be assigned to a beam with an equal probability of 0.5. The probability ( , ) of having out of users assigned on the first beam (and hence − users on the second) can be expressed as
It can be easily derived that the probability of having all users selecting the same beam (either the first or the second) is equal to ( , ) + (0, ) = 2 1− . Since the scheme is opportunistic, the surviving user with the highest rate will be selected for transmission. In other words, the transmission rate will be if there is at least one surviving user with this rate while there is no user with a rate above . Hence, the probability 1 ( , ) that is the maximum available rate among surviving users and can be calculated as 
Note that the rates of all surviving users are greater or equal the rate threshold . So far, the calculation of the probability for the cases of =0 and =1 has been presented. We will now proceed to the third case of having a double transmission frame ( =2) that occurs when there are at least two surviving user ( ≥ 2) and at least one user is assigned per beam (i.e not all users on the same beam). The transmission rate on each beam will be equal to the highest rate available among the users assigned on that beam. Although different rates may be used on each of the two beams, the total frame sequence duration is determined by the lower rate (i.e. the longest transmission of the two). We define 2 ( , ) as the probability that the frame duration is determined by rate , given that both beams are used for transmission. Then
with the probability 2 ( , ) given by
In this equation ( , ) is the probability of having users on the first beam, calculated by (14) . Then, 2_ ( , , ) is the conditional probability that the frame duration is determined by rate , when out of users are assigned to the first of the two beams (and − to the second). This probability can be calculated with the help of (15) 
Equations (12), (13) and (16) can be used in (7) and (8) to calculate the system throughput. , to which he currently belongs. He has participated in several research programs, networks of excellence, COST actions and integrated projects funded by the European Union and the Spanish Government, always working on the design and analysis of different mechanisms and techniques to improve wireless communications systems. He has also collaborated with some telecommunications companies as Telefónica, Alcatel and Sener, working as a consultant for several research projects. He has been the Project Coordinator of two Marie Curie Actions (ToK and IEF), funded by the European Union) and he is currently the Coordinator of two more Marie Curie Actions (IAPP and ITN). He has been the Scientist in Charge of one three-year Research Project funded by the Spanish Ministry of Science and Technology, and he is currently the Scientist in Charge of another project that is being carried out in coordination with ADIF, which is the Spanish Railway Infrastructure Administrator. This project is related to wireless communications in the highspeed railway transportation system. He is author of nearly 30 papers in international journals and magazines, one book, five chapters of books, and more than 60 papers in international congresses and symposiums. His current research interests are still within the field of medium access protocols, radio resource management, cross-layer optimization, cooperative transmissions, cognitive radio and QoS features for all kind of wireless communications systems.
